It is desirable to know whether correlations for condensation in round tubes can be used for non-circular channels. To investigate this matter, a number of well-known correlations for mini and macro channels as well as some for flattened channels were compared to a database for condensation in non-circular channels. Data included square, rectangular, triangular, semi-circular, drum, N, and W shaped channels as well as flattened tubes. The data included 15 fluids, hydraulic diameter 0.067 to 1.46 mm, aspect ratio 0.14 to 7, reduced pressure 0.045 to 0.77, and mass flux from 48 to 1000 kgm −2 s −1 . None of the correlations worked well for flattened tubes. Data for all other shapes were best predicted by the Shah correlation with mean absolute deviation of 20.1% with 1120 data points from 22 sources. None of the other correlations was found satisfactory over the entire range.
Introduction
Mini channels are being widely used in heat exchangers including condensers because they offer several advantages including compact size, high heat transfer coefficients, and lower cost. They also reduce the amount of refrigerant in refrigeration systems and thus minimize environmental impact in case of leakage. Many channels of various shapes are in use or being tried. These include circular, square, rectangular, triangular, and oval. To ensure proper design, it is important to be able to predict heat transfer during condensation in channels of all shapes. Several correlations have been published which are stated to be applicable to circular as well as non-circular channels. These correlations use an equivalent diameter for application of non-circular channels; no other modification is made. Notable examples of such correlations are Kim and Mudawar [1] , Dorao and Fernandino [2] , and Shah [3] . On the other hand, several theoretical and experimental studies indicate that heat transfer in non-circular channels is higher than that in circular channels of the same equivalent diameter. performed theoretical analyses considering gravity, viscous, and surface tension forces. Liquid film was assumed to be laminar. Channel shapes considered included triangle, rectangle, and square besides circular. It was found that surface tension causes liquid to collect in the corners, resulting in thinning of liquid film on the sides thus increasing heat transfer coefficients. Wen et al. [7] performed numerical investigation of condensation in three round tube and channels of aspect ratio 2 to 6 produced by flattening these tubes. Mass flux varied from 600 to 1000 kgm −2 s −1 . They found that liquid film is thick at the curved sides and thin at the flat sides. Average film thickness was smaller in flattened tubes compared to the round tubes and heat transfer increased with increasing aspect ratio. Zhang et al. [8] performed a similar study on flattened tubes made from a 3.78 mm diameter tube with similar results.
Wilson et al. [9] measured heat transfer during condensation of R-134a and R-410A in a horizontal tube of 8.9 mm and channels obtained by flattening it. They concluded that flattened tubes have higher heat transfer than round tubes. Kim et al. [10] condensed R-134a in a 5.1 mm diameter round tube as well as in flattened tubes made from it. Heat transfer coefficients in flattened tubes were found to be higher than given by round tube correlations and they therefore gave a new correlation. Darzi et al. [11] measured heat transfer coefficients during condensation of R-600a in an 8.7 mm diameter tube and channels obtained by flattening it. They found heat transfer coefficient to increase with increasing aspect ratio. Kaewon et al. [12] condensed R-134a in a round tube 3.51 mm diameter and flattened tubes made from it. They concluded that heat transfer in flattened tubes increases with increasing aspect ratio and is higher than that from round tube correlations. Solanki and Kumar [13] condensed R-134a in a round tube of diameter 8.91 mm and two channels made by flattening this tube. They also concluded that heat transfer in flattened tubes is higher than that predicted by round tube correlations. They gave a new correlation for flattened tubes. Del Col et al. [14] condensed R-134a in a square channel of 1.23 mm hydraulic diameter. They compared their data with the data of Matkovic et al. [15] for a 0.96 mm diameter round tube. They concluded that heat transfer at the lowest mass flux was higher in the square channel. They attributed this to surface tension thinning the liquid film by drawing liquid into corners. At higher flow rates, they found no difference between the round and square channels. In contrast, the CFD studies mentioned above found increase in heat transfer at high flow rates.
The theoretical and experimental studies mentioned in the foregoing suggest that correlations for round tubes are not applicable to non-circular channels. On the other hand, the correlations of Shah [3] , Dorao and Fernandino [2] and Kim and Mudawar [1] were shown to agree with data for both circular and non-circular channels from numerous sources. Due to this apparent contradiction, it was felt that there was a need to further investigate this matter and the research reported here was undertaken. Data for non-circular channels were collected from many sources and compared to several general correlations as well as correlations developed specifically for non-circular channels. The results of this comparison are reported and discussed in this paper and recommendations are made for design.
In this paper, channels with hydraulic diameter ≤3 mm are considered mini channels according to the classification of Kandlikar [16] . Other classifications have been reviewed by Shah [17] .
Prediction Methods

Theoretical
Many theoretical studies have been done in which the governing equations were solved numerically to determine heat transfer coefficient. Several of these were discussed in Section 1. Da Riva et al. [18] did a numerical simulation of condensation in a 1 mm diameter tube and compared its predictions with experimental data. Their finding was that the assumption of laminar liquid film gives good agreement with measurements only at low flow rates; turbulence has to be taken into consideration at higher flow rates. Mechanistic analysis of Rohsenow et al. [19] showed that in the presence of vapor shear, liquid film can become turbulent at very low Reynolds numbers. In the analysis by Kim and Mudawar [20] for condensation in a rectangular channel, liquid film became turbulent at Reynolds number of 25. This indicates that the theory of which assumed laminar liquid film has very limited applicability.
Kharangate and Mudawar [21] reviewed the work on numerical modelling by various methods. They concluded that while much progress has been achieved, accurate and efficient methodology remains to be developed. None of the published studies have been shown to agree with varied data from many sources. Hence such methods are as yet not suitable for use in practical design.
Correlations
Numerous correlations have been published for heat transfer during condensation in channels. Most of them have been verified with very limited data, usually the authors' own. Such correlations fail when compared to a wider data range. However, a few general correlations have been published which were verified over a very wide range of data. Notable among those for conventional channels are Dobson and Chato [22] , Thome et al. [23] , Cavallini et al. [24] , and Shah [25, 26] . The first three mentioned are applicable only to horizontal tubes and use the Nusselt formula for condensation outside horizontal tubes for calculating heat transfer at low flow rates where heat transfer becomes heat flux dependent. Heat transfer on the upper part of tube is calculated with the Nusselt equation while heat transfer of liquid flowing at the bottom is calculated with a forced convection equation. These correlations require that heat flux be known for comparing them with test data. The Shah correlation uses the Nusselt formula for condensation in vertical tubes in the heat flux dependent regime and does it in a way that heat flux is not needed for comparison with test data. The Shah correlation is applicable to horizontal as well as vertical down flow while the other three are applicable only to horizontal flow.
Many correlations have been proposed specifically for minichannels. These have been reviewed by Awad et al. [27] and Del Col et al. [28] . Recent correlations for mini channels include those by Jige et al. [29] , Rahman et al. [30] , and Keinath and Garimella [31] . Among the numerous correlations specifically for minichannels, only that of Kim and Mudawar [1] has been validated with wide ranging data from many sources. It showed good agreement with a wide ranging database that included many fluids, horizontal and vertical up and down flow, and hydraulic diameters from 0.424 to 6.22 mm. The data included round and rectangular single channels and multiport channels.
Two correlations have been published which have been validated with wide ranging databases that included both round and non-circular channels of mini and macro sizes. These are the correlations of Dorao and Fernandino [2] and Shah [3] . The latter is given in the following.
The Shah Correlation
Shah [32] gave a correlation applicable to both horizontal and vertical tubes of conventional diameters. It has been widely used but it is limited to moderate pressure and higher flow rates. Shah [25, 26] gave an improved version which is applicable over the entire range of pressures and flow rates from very low to very high. The data with which it was validated was mostly for macro size tubes. Further modified versions for application to both macro and mini channels were given in Shah [33, 34] and finally in Shah [3] . The [3] correlation uses the [25, 26] correlation in some situations. It is also used in the correlation of Kim et al. [10] for flattened tubes. The 2013 version is therefore given first.
Shah [25, 26] correlation The correlation uses the following two equations.
Equation (2) is the Nusselt equation for condensation in vertical tubes, with the constant multiplied by 1.2 as recommended by McAdams [35] .
This correlation has three regimes, I, II, and III. In Regime I,
In Regime II,
In Regime III:
h LO in Equation (1) is the heat transfer coefficient of the liquid phase flowing alone in the tube. It is calculated by the following equation:
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The heat transfer regimes are determined as follows. Horizontal Tubes: Regime I occurs when: J g ≥ 0.98(Z + 0.263) −0.62 (7) Regime III occurs when:
If neither of the above conditions is satisfied, it is Regime II. J g is the dimensionless vapor velocity defined as:
Equation (8) for the boundary of Regime III was given in Shah [26] . In Shah [25] , Regime II occurred when Equation (7) was not satisfied.
Vertical Downflow: Regime I occurs when
Regime III prevails when:
If the Regime is not determined to be I or III by Equations (10) and (11), it is Regime II. Shah [3] correlation Heat transfer regimes are the same as in Shah [25, 26] correlation for both horizontal and vertical downflow if any of the following conditions are applicable:
•
Fluid is a hydrocarbon, Regime is I and p r < 0.4 • Fluid is hydrocarbon and Regime is III
If any of the above conditions is fulfilled, the Shah [25, 26] correlation is to be used. If none of the above conditions is applicable, heat transfer regimes are determined as follows.
Horizontal Flow Regime I occurs if We GT > 100 and Fr LT > 0.012 and:
Regime III occurs if Fr L > 0.012 and:
If it is not Regime I or III, it is Regime II. Vertical Downflow Regime I occurs when We GT > 100 and:
Regime III occurs when:
If it is not Regime I or III according to Equations (14) and (15) , it is Regime II.
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Further Equation (1) is used when D HYD > 3 mm. When D HYD ≤ 3 mm, the following equation given by Cavallini et al. [24] is used.
For non-circular channels, D HYD is to be used as equivalent diameter in Weber and Froude numbers and D HP in all other places. D HP is defined as:
x Flow area Perimeter with heat trans f er (17) We GT is the Weber number assuming all mass to be flowing as vapor, given by:
Correlations for Flattened Tubes
A few correlations have been proposed based on data and analysis for flattened tubes. Wen et al. [7] compared the results of their numerical simulation with round tube correlations and the measurements of Kaewon et al. [12] in flattened tubes. On this basis they proposed the following correlation:
where h round is the heat transfer coefficient of a round tube with hydraulic diameter of the flattened tube. They recommended the use of Thome et al. [23] correlation for this purpose.
Based on their own measurements on flattened tubes, Kim et al. [10] proposed the following modified form of Shah [25] correlation.
If it is Regime I of Shah [25] correlation,
where,
Solanki and Kumar [13] studied condensation of R-134a in a horizontal 8.91 mm diameter tube and two channels obtained by flattening it. They correlated their data by the following equation.
They recommend that h round be calculated by the Dobson and Chato [22] correlation. All their data were in the annular flow regime.
Data Analysis
A wide-ranging database was compared to a number of correlations that include general correlations, correlations specifically for mini channels, and correlations for flattened tubes, as described in the following.
Data Collection
A wide-ranging database was available from the author's previous work Shah [3] . It included many data sets for non-circular channels. Further literature search resulted in addition of more data sets. As before, data for oil-containing refrigerants were not considered as oil can significantly affect heat transfer. Also, data for mixtures were excluded as their heat transfer is affected by mass transfer effects. Exception was made for R-404a and R-410A as their temperature glide is so small that they behave like pure fluids.
The complete range of data analyzed for channels other than flattened tubes is given in Tables 1 and 2. The range of data for flattened tubes is listed in Table 3 . Table 1 . Range of data for non-circular channels other than flattened tubes.
Parameter Data Range
Fluids 
Correlations Evaluated
The correlations evaluated include those of Kim and Mudawar [1] for minichannels, Dorao and Fernandino [2] , and Shah [3] . These three were included as they were reported to agree with data for many non-circular channels. The correlations of Wen et al. [7] , Solanki and Kumar [13] , and Kim et al. [10] which are based on data for flattened tubes were also included.
It was intended to compare the data with all general correlations which have been verified with wide-ranging data. However, some of them require heat flux or ∆T to be known. Among these are Cavallini et al. [24] , Thome et al. [23] , and Dobson and Chato [22] . Most published data do not include heat flux or ∆T. These therefore could not be included for evaluation. Among well-known correlation of the general type those by Akers et al. [36] , Ananiev et al. [37] , and Moser et al. [38] have been reported to give good agreement by many researchers and do not require heat flux to be known. These were therefore also included in the evaluation. 
Calculation Methodology
For the Shah correlation, D HP was used except that D HYD was used in calculating Weber number and Froude number. The same was also done for other correlations except those of Kim and Mudawar and Dorao and Fernandino for which D HYD was used in all its equations as this was specified in them. It is to be noted that for channels cooled on all sides, D HYD = D HP .
Wen et al. [7] correlation recommends the use of Thome et al. [23] correlation for calculating h round . That correlation is flow pattern based. There is no well-verified method to determine flow patterns in mini channels or non-circular channels. It was therefore decided to instead use the correlation of Dorao and Fernadino [2] for this purpose which has been verified with a wide range of data for round tubes and does not require flow pattern determination.
Properties of FC-72 and HFE-7100 were obtained from their manufacturer, 3-M Corporation. For all other fluids REFPROP 9.1 was used. All properties were calculated at the saturation temperature.
Results of Data Analysis
The results of data analysis for flattened tubes are given in Table 3 and for all other non-circular channels in Table 2 Table 4 . In these tables, Mean absolute deviation (MAD) δ m is defined as:
Average deviation is defined as:
It is seen in Table 2 that almost all data sets for channels other than flattened tubes give good agreement with the Shah [3] correlation, the MAD for the 1120 data points from 22 sources being 20.3%. The correlations of Kim and Mudawar [1] and Dorao and Fernandino [2] also give fairly good agreement with MAD of 24.0 and 26.5 percent, respectively. As seen in Table 3 , the results with the flattened tube data are not good for any of the correlations. Table 2 gives the results of comparison of data for non-circular channels except flattened tubes with various correlations. It is seen that the best agreement is with the Shah [3] correlation. The only data set which gives very large MAD is that of Garimella et al. [41] in rectangular channels. These data are very high compared to all correlations. Figure 1 shows the MAD of Shah correlation for all data sets vs channel hydraulic diameter. Three data points have MAD about 70%, much larger than all other data. These are from Garimella et al. [41] . It is seen that many other data points in the same diameter range and even smaller diameters are in satisfactory agreement. Results over the extreme limits of data do not show any increase in deviation.
Discussion
Channels Other Than Flattened Tubes
with various correlations. It is seen that the best agreement is with the Shah [3] correlation. The only data set which gives very large MAD is that of Garimella et al. [41] in rectangular channels. These data are very high compared to all correlations. Figure 1 shows the MAD of Shah correlation for all data sets vs channel hydraulic diameter. Three data points have MAD about 70%, much larger than all other data. These are from Garimella et al. [41] . It is seen that many other data points in the same diameter range and even smaller diameters are in satisfactory agreement. Results over the extreme limits of data do not show any increase in deviation. Figure 2 shows the MAD of the Shah correlation with all data sets as a function of aspect ratio of channel. Again, three data points have MAD about 70%, much larger than all other data and these are from Garimella et al. [41] . The figure does not indicate any relation between aspect ratio and deviations.
From these observations it may be concluded that the data of Garimella et al. are unique. Their large deviation cannot be attributed to diameter or aspect ratio. The Shah correlation appears to be applicable over the entire range of diameter and aspect ratio. Figure 2 shows the MAD of the Shah correlation with all data sets as a function of aspect ratio of channel. Again, three data points have MAD about 70%, much larger than all other data and these are from Garimella et al. [41] . The figure does not indicate any relation between aspect ratio and deviations. Table 3 gives the results of comparison of various correlations with the data for flattened tubes. Also included in this table are the results for the round tubes from which the flattened tubes were made. It is seen that some data sets give good agreement with the Shah correlation while some have From these observations it may be concluded that the data of Garimella et al. are unique. Their large deviation cannot be attributed to diameter or aspect ratio. The Shah correlation appears to be applicable over the entire range of diameter and aspect ratio. Table 3 gives the results of comparison of various correlations with the data for flattened tubes. Also included in this table are the results for the round tubes from which the flattened tubes were made. It is seen that some data sets give good agreement with the Shah correlation while some have large deviations. Similar are the results with other correlations. While this may be due to shortcomings of the correlations, there are some inconsistencies in the data which are now pointed out. It is seen that the flattened tube data of Wilson et al. [9] show good agreement with the Shah correlation but their data for round tube has large deviation. In Shah [3] it was shown that this correlation is in good agreement with a very wide range of data for round tubes. Hence lack of agreement with the round tube data of Wilson et al. is unexpected. Kaewon et al. [12] state that their data for round tubes is in good agreement with the correlations of Shah [31] and Akers et al. [36] . During the present analysis it was found that both correlations over-predict the data by around 50%. It seems that there is some error in the figures from which the data was obtained for the present analysis.
Flattened Tubes
The CFD analyses for rectangular and flattened channels show similar behavior. Considering that the Shah correlation gives good agreement with data for channels of rectangular and other shapes, it is rather surprising that its agreement with flattened channel data is not good. It could be that flattened tubes involve some phenomena quite different from those in channels of other shapes or the test data have shortcomings. This matter can be resolved only when more test data become available.
In the following sections, discussions are confined to channels other than flattened tubes except where stated otherwise.
Effect of Weber Number
Weber number is the ratio of inertia force to surface tension force. Surface tension force becomes important at low Weber numbers. According to the Shah [17] correlation, this limit is We GT < 100. Table 4 shows the deviations of various correlations at We GT less than and greater than 100. It is seen that the MAD of all general correlations except that of Shah are much higher for We GT < 100 than at We GT > 100. For example, the MAD of Kim and Mudawar correlation increases from 19.5 to 32.6% and that of Dorao and Fernandino from 19.5 to 40%. This confirms that We GT > 100 is the limit for the applicability of macro channel correlations for condensation inside channels.
Accuracy of Various Correlations
The Shah correlation gives good agreement over the entire range of data for all shapes. The correlations of Kim and Mudawar, Ananiev et al., and Dorao and Fernandino give fairly good agreement with data for We GT > 100. The correlations of Wen et al. [7] , Solanki and Kumar [13] and Kim et al. [10] were based on data for flattened tubes. They perform poorly for all shapes including flattened tubes. The correlation of Solanki and Kumar gives large deviations even with their own data. The Shah correlation gives good agreement over the entire range of data for all shapes. The correlations of Kim and Mudawar, Ananiev et al., and Dorao and Fernandino give fairly good agreement with data for WeGT > 100. The correlations of Wen et al. [7] , Solanki and Kumar [13] and Kim et al. [10] were based on data for flattened tubes. They perform poorly for all shapes including flattened tubes. The correlation of Solanki and Kumar gives large deviations even with their own data. Figures 3-7 show the comparison of some test data with various correlations. 
Effect of Channel Shape
The Shah correlation shows good agreement with data for square, rectangle, triangle, semi-circle, drum, N, and W shape channels. All these channels have sharp corners. It was shown in Shah [3] that it also gives good agreement with round tube data over a wide range. This correlation does not have any factor for the effect of corners. Hence its agreement with both circular and non-circular channels seems to contradict the results of CFD analyses such as those of Wang and Rose [5] [6] [7] which indicate that heat transfer is higher in channels with corners compared to round channels.
Effect of Various Parameters
The present study included 15 fluids. In Shah [3] , this correlation was validated with data for 43 fluids in round and non-circular channels. Hence the Shah [3] correlation can be expected to all those fluids for non-circular channels also.
The range of reduced pressure, WeGT and ReLT in the data analyzed in Shah [3] was wider than in the present study. Caution should be exercised in using the Shah [3] correlation beyond their range in the present data analysis when applying to non-circular channels.
Complexity of Correlations
Appendix A gives details of the correlations of Kim and Mudawar, Ananiev et al., and Dorao and Fernadino. The other correlations that were evaluated are already described in the text. It is seen that all these correlations are quite simple except for that of Kim and Mudawar which is quite complex. However, the complexity is not such that it may cause any difficulty in computerized calculations. The Shah correlation is also somewhat complex but simple compared to the Kim and Mudawar correlation.
Design Recommendations
The Shah correlation is recommended for all channel shapes except flattened tubes. No recommendations are made for flattened tubes.
Conclusions
1.
A number of correlations for condensation in channels were compared to wide-ranging data for non-circular channels. 
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The range of reduced pressure, We GT and Re LT in the data analyzed in Shah [3] was wider than in the present study. Caution should be exercised in using the Shah [3] correlation beyond their range in the present data analysis when applying to non-circular channels.
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Appendix A gives details of the correlations of Kim and Mudawar, Ananiev et al. and Dorao and Fernadino. The other correlations that were evaluated are already described in the text. It is seen that all these correlations are quite simple except for that of Kim and Mudawar which is quite complex. However, the complexity is not such that it may cause any difficulty in computerized calculations. The Shah correlation is also somewhat complex but simple compared to the Kim and Mudawar correlation.
Design Recommendations
Conclusions
1.
A number of correlations for condensation in channels were compared to wide-ranging data for non-circular channels.
2. The Shah [3] correlation gave good agreement with data for channels of square, rectangular, triangular, semi-circular, drum, N, and W shapes, MAD being 20.3% for 1120 data points for 15 fluids from 22 sources. Other general correlations gave fairly good agreement when We GT > 100 but had large deviations when We GT < 100.
3. Data for flattened tubes from five sources were also compared to the same correlations. None of the correlations, including those based on flattened tube data, gave satisfactory agreement. More experimental studies on flattened tubes are needed. For channels heated only on three sides, heat transfer coefficient calculated by the foregoing is corrected as follows.
where h TP,circular is the heat transfer coefficient for a circular tube calculated by the foregoing equations. 
